RNA from cymbidium ringspot virus (CyRSV), a tombusvirus, was translated in rabbit reticulocyte lysates and in vitro translation products were compared with virusspecific proteins in extracts of cowpea protoplasts inoculated with virus particles. Four major polypeptides were produced in vitro, with molecular weights of 43 000 (43K), 40K, 34K and 22K, and three were produced in vivo, with molecular weights of 45K, 43K and 22K. The 43K and probably also the 22K product were the same in vitro and in vivo; the former was definitely identified as the virus coat protein. The 45K protein was a modified coat protein found only in extracts of infected protoplasts that had been frozen. Translation experiments with size-fractionated RNA indicated that the translation strategy of CyRSV RNA involved, as templates, both genome-size RNA (40K product) and subgenomic species (43K, 34K and 22K products). The presence of at least three coding regions on the virus genome was suggested by comparative peptide mapping of the four major translation products. No infection-specific polypeptides or translation products were detected as specific to satellite RNA, either in inocula for protoplasts or in RNA added to reticulocyte lysates.
INTRODUCTION
Cymbidium ringspot virus (CyRSV) is a tombusvirus (Matthews, 1982) , with a genome of one linear single-stranded RNA molecule of 4.7 kilobases (kb) with no polyadenylate sequence at the Y end . Like that of tomato bushy stunt virus (TBSV) RNA (Mayo et al., 1982) , the infectivity of CyRSV RNA is unaffected by protease treatment suggesting that the RNA lacks a Y-terminal protein (unpublished data). In addition to the 4.7 kb genomic RNA, virus particles and infected tissue extracts contain virus-specific RNA species, ranging from 1 to 2.1 kb and a smaller satellite RNA (0.7 kb) which, although having no sequence homology with the virus genome, is dependent on it for replication . The virus capsid subunit has a tool. wt. of approx. 43000 (43K) (Hollings et al., 1977) .
CyRSV, in common with other tombusviruses, has been studied extensively in relation to the ultrastructural modifications induced in infected host cells (Francki et al., 1985) . In contrast, little information is available on the molecular biology and replication of tombusviruses, except for some studies on the presence and significance of double-stranded and single-stranded virusspecific RNA species in plant tissues infected with TBSV (Henriques & Morris, 1979; Hayes et al., 1984; Hillman et al., 1985) . As part of an investigation of the translation strategy of tombusviruses we have examined CyRSV which, because it can be studied in inoculated protoplasts (Russo & Gallitelli, 1985) , permits a comparison to be made between virus-specific polypeptides produced in vivo and in vitro. 
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Propagation and purification of viruses. CyRSV containing the low molecular weight satellite RNA (CyRSV + sat) was propagated in Nicotiana benthamiana or N. clevelandii. A satellite-free isolate (CyRSV-sat) was maintained in N. clevelandii . CyRSV was purified as described by . Carnation mottle virus (CarMV) was propagated in Chenopodium quinoa and purified as described by Lommel et al. (1982) .
RNA J?actionation and analysis. CyRSV RNA was isolated from purified virus particles in 10 mM-Tris-HC1 pH 7.8, 1~ SDS, 1 mM-EDTA by extraction with phenol, precipitated with ethanol and dissolved in water . One-hundred and fifty ~tl of RNA (1 mg/ml) was mixed with 150 i~l deionized formamide, heated at 85 °C for 2 rain, layered onto a gradient of 10 to 40~/o sucrose in 10 mM-Tris-HC1 pH 7.8, 1 mM-EDTA and centrifuged for 16 h at 36000 r.p.m, in a Beckman SW4l rotor. Fractions were collected by puncturing the bottoms of the tubes and their RNA content was measured spectrophotometricaUy. RNA was recovered by precipitation with ethanol and resuspended in 20 ~tl water. Aliquots of all fractions were denatured with formamide in 90 mM-Tris, 90 mM-boric acid, 3 mM-EDTA, pH 8.3 and analysed by electrophoresis in a 1.2~ agarose gel. RNA bands were visualized with u.v. light after staining with ethidiurn bromide (1 ~tg/ml). Selected fractions were given an additional cycle of sucrose density gradient centrifugation.
In some experiments CyRSV RNA was fractionated in 1.2~ low gelling temperature (LGT) agarose (Miles Laboratories) under the conditions just described. Bands of separated genomic and satellite RNA were excised with a razor blade, extracted with phenol and RNA was recovered by precipitation with ethanol.
RNA was extracted from CarMV particles as described by Carrington & Morris (1985) .
Protoplasts. Protoplasts were prepared from cowpea plants (Vigna unguiculata L. Walp. cv. Blackeye Early Ramshorn) and inoculated with virus particles suspended in polyethylene glycol or with similar inocula lacking virus (Russo & Gallitelli, 1985) . Inoculated protoplasts were cultured as described by Rottier et al. (1979) in aliquots of 4 ml at a concentration of 5 x 105 per ml. Six, 12 and 24 h after inoculation, 120 ~tCi [35S]methionine (Amersham; approx. 1200 Ci/mmol) was added and, after a further 6, 12 or 6 h culture respectively, the protoplasts were collected by centrifugation and frozen. They were then disrupted in 500 ~1 of homogenization buffer (50 mm-Tris~acetate pH 7.4, 10 raM-potassium acetate, 1 mM-EDTA, 10 mM-dithioerythritol, 0.5 mMphenylmethylsulphonyl fluoride, 10~ sucrose). The extract was briefly centrifuged to eliminate unbroken cells and debris, and then fractionated into a 30000g supernatant fraction and a 30000g pellet, which was further extracted in the homogenization buffer (100 ~tl) in the presence of0.2~ digitonin (Sigma) to solubilize membranebound proteins (Goldbach et al., 1982) . Incorporation of [35S]methionine was measured as the 35S insoluble in TCA.
Total RNA was prepared, analysed and probed as previously described (Russo & Gallitelli, 1985) . Cell-free translation of virus RNA. Rabbit reticulocyte Iysate (Amersham cat. no. N.90) was used. The concentrations of magnesium and potassium ions, as quoted by the manufacturer, were 2-5 mM and 93 mM respectively.
Typically, 2 lal of RNA solution (with 2 ~tg RNA or less) was added to 8 Ixl of reaction mixture containing 7 ~tl lysate and 1 ktl (approx. 15 gCi) [3sS]methionine. The mixture was incubated at 30 °C for I h after which an aliquot (2 to 3 ~tl) was taken to determine TCA-precipitable radioactivity and the rest was used for polyacrylamide gel electrophoresis (PAGE) or immunoprecipitation.
Immunoprecipitation. Samples (30 p.l) of protoplast extracts (30000 g supernatant fraction) were diluted tenfold with an immunoprecipitation buffer containing 10 mM-sodium phosphate pH 7.2, 0-9~ NaCI, 1 ~ Triton X-100, 0"5~o sodium deoxycholate and 0.1 ~ SDS (Goldbach et al., 1982) , mixed with 10 gl of anti-CyRSV serum or preimmune serum and incubated overnight at 4 °C. The immune complex was recovered by adding 40 to 60 ~1 of a 10~o suspension of Protein A Sepharose (Pharmacia) and, after incubation at room temperature for 30 min, centrifuging the mixture at 15000 r.p.m, for 3 min. After three washings with immunoprecipitation buffer, the pellet was dissociated in 30 ~tl of sample buffer (Laemmli, 1970) .
Products of in vitro translation were treated according to Carrington & Morris (1985) by centrifuging immunoprecipitates through a cushion of 30~ sucrose and 0.5~ SDS.
Peptide mapping. Proteins were treated with protease either in excised bands located in unfixed, wet gels by autoradiography at 4 °C (Cleveland et al., 1977; Gordon et al., 1982) or in whole gel lanes cut from undried gels (Bordier & Crettol-Jfirvinen, 1979) . Proteolysis was with Staphylococcus aureus V8 protease (Miles Laboratories) or proteinase K (Sigma).
SDS-PAGE. Labelled translation products or virions were mixed with sample buffer (Laemmli, 1970) , heated at 100 °C for 3 min and analysed in a discontinuous buffer system (Laemmli, 1970 ) using a 12.5, 15 or 20~ resolving gel and a 5~ stacking gel. A l~C-labelled protein mixture (Amersham) was used for molecular weight markers. Radioactive protein bands were detected by autoradiography or fluorography, after impregnation with Amplify (Amersham), on Kodak X-Omat AR film. 
RESULTS

Detection of CyRSV-specific proteins in protoplasts
After SDS-PAGE, three radioactive polypeptides were detected in the 30000 g supernatant fraction of protoplasts inoculated with CyRSV + sat but not in the same fraction of mockinoculated cells (Fig. 1 a, b) . The estimated mol. wt. were 45K, 43K and 22K.
The synthesis of virus-specific proteins in infected protoplasts was not synchronous. Whereas the 22K protein was detected after labelling between 6 and 12 h after inoculation ( Fig. 1 b) , the 45K and 43K proteins were first visible in extracts of protoplasts labelled between 12 h and 24 h after inoculation (Fig. 1 a) . Moreover, the proportion of incorporation into 45K + 43K compared to that of 22K was higher late in the infection (24 h to 30 h) than earlier (12 h to 24 h) as estimated visually from the intensity of bands (Fig. la, b) .
The proteins extracted from the 30000 g pellet resembled those in the supernatant fraction, except that the 22K protein was less evident (not shown). Thus, there are no virus-specific proteins present only in the membrane fraction. The 45K and 43K proteins, but not the 22K protein, were readily precipitated by CyRSV antiserum (Fig. 2) . To establish the relation existing between the two immunoprecipitable proteins, CyRSV was purified from N. benthamiana plants 1 week after infection and either immediately disrupted in sample buffer or frozen for some days and then disrupted. After electrophoresis and staining with Coomassie Brilliant Blue, it was clear that CyRSV capsid preparations yielded two proteins after storage, but only one when freshly purified (Fig. 2, inset) . Since protoplasts and protoplast extracts were routinely frozen before disruption, this may account for the presence of two proteins precipitable with the antiserum to CyRSV.
The 0.7 kb satellite R N A could encode a polypeptide of about 26000 mol. wt and the 22K protein seemed to be a good candidate for the translation product of this RNA. To examine this possibility, cowpea protoplasts were inoculated with CyRSV + sat, C y R S V -s a t or a virus-free inoculum. One half of each sample was labelled with protein was present both in protoplasts inoculated with CyRSV + sat and in those inoculated with C y R S V -s a t (Fig. 3a, lanes 2 and 3) , but no satellite R N A was formed in protoplasts inoculated with C y R S V -s a t (not shown). Thus, we conclude that the 22K protein is not the translation product of satellite RNA.
In vitro translation of unfractionated C y R S V RNA
In rabbit reticulocyte lysates, CyRSV R N A stimulated incorporation of [35S]methionine to up to 10 times the amount in the control containing no added RNA. Analysis of the translation products by S D S -P A G E revealed the presence of four major virus-specific proteins with estimated mol. wt. of43K, 40K, 34K and 22K (Fig. 3a, lane 1) . The endogenous activity of the lysate was usually limited to the formation of a polypeptide of 45K (Fig. 4, 5 a and 9 b, lane W) . In addition to the major protein species, there was a range of minor products most with electrophoretic mobilities intermediate between those of the 43K and 22K products.
The patterns of proteins synthesized were substantially similar when CyRSV + sat R N A or C y R S V -s a t R N A were translated (Fig. 3b) . Thus, there was no indication of a translation product of satellite RNA. In a template dilution experiment made by decreasing the amount of CyRSV+sat RNA added to the reticulocyte lysate, the amounts of the four major proteins made differed with template dilution (Fig. 4) . The amounts of 43K and 22K proteins were directly dependent on the concentration of mRNA, being lowest at the highest dilution of RNA. In contrast, the amount of 40K protein made was greatest at an intermediate concentration of m R N A (4 ~tg/ml) and some was still made when the RNA concentration was only 32 ng/ml, where the formation of other proteins was no longer detectable. Although the 34K protein was not particularly evident in this experiment, in others its synthesis appeared to respond to dilution of RNA like that of the 43K and 22K proteins. These results suggest that mRNAs for the 43K, 34K and 22K proteins are less concentrated than mRNA for the 40K protein, but that they are translated more efficiently than the latter and compete with it.
The accumulation of CyRSV + sat RNA-coded proteins was followed by withdrawing 5 ~tl samples from a 70 ~tl reaction mixture at different times after starting the reaction. Incorporation of methionine continued even after 120min. In SDS-PAGE analysis, 22K protein was the first product to appear after 5 min incubation. Others appeared 5 min later after which there was a concomitant increase in the amounts of all proteins produced (Fig. 5a) .
When the products made after 1 h translation of CyRSV RNA were mixed with an antiserum to CyRSV, only the 43K product was immunoprecipitated. No radioactive protein was precipitated after treatment with the preimmune serum (Fig. 5 b) . The identification of the 43K protein as CyRSV coat protein was confirmed by the observation that it co-migrated with the coat protein disrupted from purified virions as well as with the immunoprecipitable product from infected protoplasts (not shown). Peptide mapping with proteinase K or V8 showed that the 43K, 40K and 22K proteins were different, whereas the 34K protein had some peptides in common with the 40K protein (Fig. 6 ).
This result suggested that three of the major proteins directed in vitro by CyRSV R N A are encoded by different parts of the virus genome, whereas the 34K protein is partially contained within the 40K protein and is produced by translation of part of the same coding region.
In vitro translation of fractionated CyRSV RNA
When CyRSV R N A was centrifuged in a sucrose density gradient, it sedimented as a broad peak with a slight shoulder towards the bottom of the gradient. When fractions were tested for messenger activity in reticulocyte lysates, one unexpected peak of activity was observed corresponding to bottom fractions 9 to 11 where the R N A content was low. For the rest of the (Fig. 7) . By agarose gel electrophoresis, the bottom fractions were shown to contain mostly genome-size RNA, whereas the top fractions were rich in satellite RNA (Fig 8 a) . Small amounts of genomesized RNA, however, were present in all fractions, including the top ones, probably as a result of contamination when collecting fractions from the bottoms of the gradient tubes. Analysis of translation products by SDS-PAGE revealed that all the translation products of unfractionated RNA were induced by all the fractions but that the relative amounts of protein differed markedly (Fig. 8b) . The 43K protein was abundant in translation products of RNA from fractions 12 to 16, i.e. those rich in RNA intermediate in size between genome and satellite RNA, whereas 40K protein was particularly abundant in translation products of RNA from fractions 8 to 11, which was mainly genome RNA. The 22K protein was predominant in translation mixtures programmed with RNA from the top fractions (17 and 18). The synthesis of 34K protein was greatest with RNA having the least messenger activity for the other three major products. Fractions 19 and 20 did not code for any product (not shown). R N A from pooled fractions 7 to 10 and fraction 18 was centrifuged again through sucrose density gradients in two sister tubes and fractionated as before. Fig. 9(a) shows the agarose gel electrophoretic pattern of R N A selected to programme the reticulocyte lysate system. The in vitro translation product of genome-size R N A was the 40K protein, whereas there was only a little 22K protein produced by the fraction with the least amount of satellite R N A and none by the fractions in which the concentration of satellite R N A was higher (Fig. 9b) . Similar results were obtained when electrophoretically purified genomic and satellite R N A s were used as templates; genomic R N A was translated mainly to give the 40K protein, whereas no product was made by satellite R N A (not shown).
The results of these experiments seem to indicate that one protein (40K) is coded directly by the genomic R N A , whereas other proteins are coded by smaller R N A species and indicate that, at least under the conditions used in the present work, satellite R N A has no messenger activity.
DISCUSSION
Four major translation products (43K, 40K, 34K and 22K) were formed in rabbit reticulocyte lysates programmed with CyRSV R N A , whereas only 43K, with an accompanying extra band of 45K, and 22K were found in extracts of infected protoplasts. The 43K protein from both systems were definitely identified as virus coat protein because it was specifically immunoprecipitated by anti-CyRSV serum and because it has the same electrophoretic mobility as the coat protein from purified virus. A 22K product was also found in both systems, but the only evidence that these are the same products is their similar mobility. The intermediate products (40K and 34K) were not found in protoplast extracts, even when infected protoplasts were labelled with [3SS]methionine from 0 to 6 h after inoculation (not shown).
The translation strategy of CyRSV RNA seems to involve, at least as one stage, the formation of subgenomic RNA. Evidence for this is provided by experiments where fractionated virus RNA was used as the template for in vitro protein synthesis. RNA smaller than genomic RNA was efficient in inducing synthesis of the 43K, 34K and 22K proteins. RNA species smaller than genome-size RNA have been found in cowpea protoplasts infected with CyRSV (Russo & Gallitelli, 1985) and, in association with polyribosomes, in TBSV-infected N. clevelandii plants . The possibility thus exists that CyRSV and perhaps other tombusviruses produce, in vivo, subgenomic mRNAs which are also encapsidated.
Full-size genome RNA is an efficient messenger for the synthesis of the 40K protein. The initiation of its synthesis probably occurs at an AUG close to the 5' end, because initiation at internal sites in RNA molecules is thought not to occur with eukaryotic ribosomes (Kozak, 1981) . By analogy with other monocomponent viruses, such as tobacco mosaic (Beachy et al., 1976; Pelham, 1978) , turnip yellow mosaic (Mellema et al., 1979) , turnip crinkle (Dougherty & Kaesberg, 1981; Altenbach & Howell, 1982) , turnip rosette (Morris- Krsinich & Hull, 1981) , southern bean mosaic (Salerno-Rife et al., 1980) and carnation mottle (Carrington & Morris, 1985) viruses, the gene encoding the coat protein might be expected to be located near the 3' terminus. The gene for the 22K protein (which does not overlap with the coat protein) would then terminate upstream of the initiation codon of the 43K protein. The 34K protein is partially contained in the 40K protein, but it is not produced when the reticulocyte lysate is programmed with intact genomic RNA. It may be that the mRNA for this protein is shorter than genomic RNA, with an initiation site about 200 nucleotides downstream from the start triplet for the 40K protein. This situation shows some similarity to that reported for turnip crinkle virus, where a subgenomic RNA, coding for a protein partially overlapping a protein coded by full-length, genomic RNA, is transcribed in the 5' region of the genomic RNA (Dougherty & Kaesberg, 1981) .
The translational strategy proposed for CyRSV differs in one important aspect from that of other monopartite viruses, in that we did not find evidence for a read-through mechanism. Thus, for instance, turnip crinkle and carnation mottle viruses RNA code at the 5' end for a protein of a similar size to that encoded in the same region of CyRSV RNA, but another large protein is also formed by read-through of the smaller protein's stop codon (Dougherty & Kaesberg, 1981 ; Altenbach & Howell, 1982; Carrington & Morris, 1985) . Since we were concerned about the ability of our in vitro system to translate faithfully any RNA preparation, the system was tested with carnation mottle virus RNA, from which the same products described by Carrington & Morris (1985) were obtained, including the 80K read-through protein (lane 1, Fig. 3c ). At present, the possibility cannot be ruled out that a comparable read-through mechanism could be activated, thus filling the space between the hypothetical coding sequences which we have suggested, since the products detected so far (about 105K altogether) account for only about 60 of total coding capacity of CyRSV.
If confirmed by experiments with labelled amino acids other than methionine, the inability of CyRSV satellite RNA to code for a protein would, in this respect, make it like the satellite RNA molecules of tobacco ringspot (Owens & Schneider, 1977) and, possibly, turnip crinkle (Altenbach & Howell, 1982) viruses, which do not code for any specific protein. This would clearly differentiate CyRSV satellite RNA from that of tomato black ring virus which codes for a protein, thought to be essential for satellite replication in the cells (Fritsch et al., 1980) . Moreover, as with turnip crinkle virus satellite (Altenbach & Howell, 1982) , the regulation of symptom expression by CyRSV satellite would operate by a mechanism other than via a protein encoded by a satellite RNA.
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